High-frequency reversible phenotypic transitions have been analyzed in a number of microorganisms (5, 6, 17) . Phenotypic instability has recently become a topic of interest in the opportunistic pathogen Candida albicans. There were early reports of variation in the streak morphology of clinical strains of C. albicans (2, 11) , but the analysis of colony morphology variation within single clinical isolates of C. albicans has only recently been initiated. Slutsky et al. (18) noticed that some strains spontaneously switch to a number of variant colony morphologies at a high frequency and that such variants switch back to the normal (smooth) colony phenotype (and certain other variant colony phenotypes) at a high frequency (up to . The difference between the smooth and variant colony phenotypes appears to be associated with differences in the distribution and relative proportions of bud-and mycelium-forming cells. Reports of other colony morphology variants which undergo reversible transitions to the normal phenotype can be found in the literature. Pomds et al. (13) described a strain of C. albicans which gives rise to rough colony morphology variants at a high frequency when exposed to UV light (up to 1.6%). One of these variants (1001FR) spontaneously gives rise to smooth sectors at a frequency of 0.35%. A second rough colony variant which also undergoes a high-frequency reversible transition is the minute rough variant analyzed by Ireland and Sarachek (7) . The rough phenotypes in these strains appear to correlate with the formation of pseudohyphae.
Recently, Slutsky et al. (19) reported the isolation of another high-frequency reversible colony morphology switching system which they called the white-opaque transition. In contrast to the earlier switching systems analyzed by Slutsky et al. (18) , however, the change in the colony morphology of the white-opaque transition is accompanied by a radical difference in the shape and mass of the cells which constitute the two colony phenotypes. Cells (19) . This strain spontaneously gives rise to opaque (0) derivatives at a high frequency. The 0 derivative used in the analyses presented below was isolated from WO-1 W by selecting for a translucent variant and was purified through three single-colony isolations. The origins of strains FC18, hOG24, and SC5314 have been described previously (4, 15, 22 0r -n1:
RESULTS
Characterization of white and opaque derivatives of WO-1. The appearances of W and 0 derivatives of strain WO-1, described by Slutsky et al. (19) , were dramatically different. The 0 derivatives of WO-1 were also more sensitive to UV irradiation, sulfometuron methyl, and 5-fluoroorotic acid than W derivatives were (unpublished results). To ascertain whether WO-1 is a C. albicans strain and to confirm that 0 is derived directly from a W progenitor, the following experiments were performed.
Restriction fragment profile at the rDNA locus. The EcoRI, HindIII, and Hinfl restriction fragment profiles of the rDNA locus of W, 0, and two other authentic C. albicans strains, FC18 and SC5314, are depicted in Fig. 1A and B. These profiles are similar to the rDNA restriction fragments of other C. albicans strains (9, 16) (19) . Microcultures derived from opaque cells and incubated at 24°C gave rise predominantly to 0 colonies with a proportion of colonies (0.1 to 5%) having undergone transition to W or containing W sectors. When incubated at 34°C, more than 99% of the resulting colonies were white. Clonal 0 microcultures were given pulses of high temperature (34 and 30°C) for different lengths of time before being shifted back to 24°C. The results from one such series of time course experiments at 34°C are depicted in Fig.  2A . Most of the cells in this experiment (and other similar experiments) gave rise to 0 colonies when pulsed at 34°C for up to 5 h, but the proportion of sectored and W colonies rose rapidly with increasing length of pulse time. At 30°C the proportion of transition colonies also began to increase at the 6-h pulse time but increased more gradually (unpublished results).
In another experiment, a microculture derived from a single cell was divided into two portions, one of which was suspended in distilled water and the other in YEPD medium. Both cultures were subsequently given pulses at 34°C, and samples were plated onto bismuth plates at 2-h intervals and incubated at room temperature for 4 days. Figure 2B presents the results of this experiment which indicate that the temperature-induced transition from 0 to W did not occur in water, whereas cells from the same microculture did undergo transition to W when incubated in YEPD medium.
DISCUSSION
In general, high-frequency transition systems are difficult to work with and warrant taking special care to avoid artifacts. The genetic analyses, rDNA profiles, and OFAGE profiles of WO-1 derivatives indicate that W and 0 are very likely C. albicans. Recombination analyses (unpublished results) of fusion products formed between auxotrophic derivatives of WO-1 and C. albicans hOG24 also show that the adel-meti linkage relationship (14) is conserved in WO-1.
The genetic test of the relationship between 0 and W derivatives of WO-1 is only consistent with the hypothesis that 0 is clonally derived from a W progenitor. The OFAGE chromosomal profiles and the rDNA restriction fragment hybridization patterns support the notions that WO-1 is a C. albicans strain and that 0 and W are clonally related, since the OFAGE and rDNA profiles conform to the general patterns observed with other C. albicans isolates (9, 10) but have some unique features. In both W and 0 derivatives of WO-1, there was an extra fast-migrating band observable on OFAGE analysis and a heterozygosity in the rDNA spacer region (yielding two fragments instead of one in the 6.4-kilobase region after EcoRI digestion and two fragments instead of one in the 4.6-kilobase region after Hinfl digestion). In summary, a number of criteria indicate that 0 and W have the expected properties of members of a highfrequency reversible transition system.
In their preliminary analysis of the switching frequency, Slutsky et al. (19) hypothesized that this frequency might be as high as 10-2, but they reasoned that it was not possible to calculate accurate frequencies of transition because of the differences in growth rates. Another difficulty in such highfrequency transition systems is Luria-Delbruck fluctuation (8) . Both difficulties can be overcome by analyzing the proportion of microcultures which contain no transitions and by using this analysis to estimate the frequency. We used such an analysis to estimate the O-to-W-transition frequency at 24°C and concluded that the frequency was approximately 5 x 1o-4 per cell generation. We estimated that the frequency of transition from W to 0 is between 1o-4 and 10' per cell generation. These frequencies, of course, were estimated under very specific conditions (i.e., in a microculture in YEPD medium) and may or may not accurately reflect the transition frequency under different conditions. We have observed, for example, that 0 sectors often form at the periphery of W colonies on YEPD medium and bismuth medium.
Slutsky et al. (19) reported that the 0 phenotype is sensitive to high and low temperatures and suggested that this sensitivity might be due either to a high mortality rate of 0 or to an increase in the switching frequency at these temperatures. We carried out a series of experiments to look at the kinetics of the 0-to-W transition at temperatures above and below 24°C (34, 30, and 4°C). These experiments gave the following results.
(i) High temperature was not lethal to 0 cells, since there was no detectable loss of CFU at 34°C (or 30°C) compared with that at 24°C of cells derived from the same microculture. Micromanipulation of 0 cells (unpublished results) also demonstrated that each 0 cell gave rise to a W colony when incubated at 34°C. In contrast, prolonged incubation at 4°C did result in a loss of viability (unpublished results).
(ii) When incubated in YEPD medium, the 0 phenotype almost invariably switched to W at 34°C. Fewer than 0.5% of O cells gave rise to 0 colonies or colonies with 0 sectors when incubated at this temperature on bismuth medium. Taken together with the first result, this result indicates that the high temperature either increases the natural transition frequency or forces each cell to switch. When 0 cells are incubated at 34°C in water, however, they do not switch to W, indicating that cells probably need to be actively dividing for the transition to occur.
(iii) After a period where no transitions occur (2 to 5 h after transfer to 34°C), the proportion of 0 cells undergoing the transition appears to increase abruptly ( Fig. 2A) . Most of the cells in the culture undergo the transition within a short period. At 30°C, the period during which the proportion of transition colonies increases is longer than it is at 34°C. The transitions require only a pulse at the higher temperature, after which cells can be returned to 24°C without reversing the transition induced by the high temperature.
The opaque phenotype has been partially described by the data presented by Slutsky et al. (19) and in this paper. It is a pleiotropic phenotype, with opaque cells differing significantly from white cells in their cell shape; budding pattern; response to different temperatures; growth rate; frequency of transition; sensitivity to UV irradiation, sulfometuron methyl, and 5-fluoroorotic acid; and in their accumulation of bismuth sulfide on bismuth medium. There is insufficient evidence to determine whether the O-to-W transition is associated with any part of the normal life cycle of C. albicans (although the 0 cell shape and size do resemble a pseudomycelium) or to predict the underlying molecular mechanism of the O-to-W transition. Some of the characteristics of strain WO-1 which distinguish it from other (nontransition) strains of C. albicans (the unusual OFAGE karyotype and rDNA restriction digest pattern) could be associated with the mechanism. We have no simple hypothesis at this time about how they might be associated.
The underlying mechanism of the transition remains of interest. The high frequency and reversible nature of the 0-to-W transition suggest that the closest analogy to the 0-to-W mechanism of transition may be to high frequency transition systems (such as phase variation) in other organisms (1, 6, 17, 20, 21) . A genetic and molecular analysis of the O-to-W transition is now under way in this laboratory.
